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ABSTRACT 

The endothelium plays a major role In the regulation of structural and functional 
integrity of coronary arteries. Damage to endothelium occurs following percutaneous 
transluminal coronary angioplasty (PTCA). Locally delivered 17 - beta estradiol 
5 fo!lowing_PTCA in pigs resulted in an enhanced reeridotheliallzatlpn and endothelial 
function, possibly via a markedly higher endothelial nitric oxide synthase (eNOS) 
expression when compared to controls. Since endothelial dysfunction can promote 
both restenosis and coronary spasm, local 17 - beta estradiol delivery is a promising 
new approach to improve the results after PJCA. 
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TITLE OF THglMVgMTIQM 

Local Delivery of 17 - beta Estradiol During Balloon Angioplas^ for Preventing 
Restenosis. 

5_ PACKgRQUND QF THE INVgMTiQM 

The vital role of endothelium In the regulation of vascular tone of arteries is well 
recognized (1). The intact endothelium also has important inhibitory effects on platelet 
aggregation, monocyte adhesion, and vascular smooth muscle oeH proliferation (2). 
Endothelial injury associated with endothelial dysfunction is known to occur as a 

10 consequence of percutaneous transluminal coronary angioplasty (PICA) (3), and may 
play an bnportant role In restenosis fbllowing PTCA (4). Impaired endotheOal function has 
been demonstrated in porcine coronary arteries as long as 4 weeks foOowing PTCA in 
pigs (5). Systemically administered 17 • beta estradiol has been reported to accelerate 
endothelial recovery after arterial injury (6). Since endothefial injury due to PTCA is a 

1 S tocal event, we hypothesized that local delivery of 1 7 - beta estradtol foDowIng PTCA may 
enhance endothelial recovery. 

DESCRiPTiOM QP IM\/PflT|OM 

Animal preparation 

20 The study protocol was approved by the Animal Care and Ethteal Research Committee 
of the Montreal Heart Institute. JuvenHe fann pigs weighing 20-25 kg (1 femaie. and 8 
castrated males) were used. On the day of the experiment, animals received 650 mg of 
acetylsalicylic acid and 30 mg of nifedipine orally, were premedfcated with 6mg/kg of 
tiletemlne hydrochloride and zolazepam hydrochloride, and were given 0.05 mg of 

25 atropine intramusculariy. Under general anesthesia (a mixture of 1-1 .5% isoflurane and 
oxygen enriched air), the right femoral artery was cannulated percutaneously. An 8 Fr 
arterial sheath was introduced, and 100 mg/kg of lidocaine and 250 U/kg of heparin were 
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administered intra-aiterially. Additional heparin was admimstered duriqg FTCA if 
needed, to maintain an activated coagulation lime of > 300 seconds. 



Procedure 

I An 8 Fr right Amplatz guiding catheter and right Judkins guiding catheter were used for 

cannulation of the left and right coronary arteries^ respectively. A standard balloon 
catheter (corre^nding to a balloon/artety ratio of 1.1-1.3:1) was advanced over a 0.014" 
floppy guide wir^ and 3 successive 30-second inflations at 10 atm pressure were made 
with a 30 second interval between each inflatioa PTCA was performed on all 3 coronary 
arteries of each animal. For local delivery, the InfiisaSleeve catheter ^jOcalMed Inc.) was 
used, which penniu safe drug delivery vrith negligible additional injury (7). After balloon 
dilatation, each coronary atteiy of an animal was randomized to receive cither (00 fig of 
17 - beta estradiol Gn 5 mlX vehicle alone (S mQ, or PTCA only. The vehicle 2* 

I hydroxypropyl-beta-cyclodextrin (HPCD), and 17 - beu estradiol were obtsJned from 

Sigma Chemical Co. For local delivety with the InfiisaSleeve catheter, a proximal driviqg 
pressure of 10 atm and support balloon pressure of 6 atm were utilized 

Infracoronaiy Infusloa 

All 9 ammals underwent cardiac catheterization at the end of 4 wedB. After a baseline 
coronary angiogram, selective cannulation of the proximal portion of a coronaiy artery 
was perfoimed with a single hunen balloon catheter CTotalCross^ Sduidder) Ibr the 
administratiQn of vasoactive i^ents. Acetylcholine (Ach) in increasiqg concentrations of 



02282982 1999-09-21 

- 3 - 

10*^M» lO'^H lO^^H and lO'^M was successively infused through the lumen poit of the 
catheter. Each dose was administered for a duration of 3 minutes at a constant rate of 1 
mlAnin using an in f u s ion pump^ Coronary angiography. performeJ the, end of each 
dose. After infusion of the highest concentration of Ach (10*^ M) and angiography, 100 
fig of nitroglycerin was administered via the himen port of the catheter, and a coronary 
angiogram performed. The same protocol was repeated for the other 2 coronary arteries. 
Heart rate, blood pressure, and ECG were monitored continuously throughout the 
experimenL 

Quantitative coronaiy angiography 

Coronary angiography was performed whh a single plane ima^ng system OBlectromed 
Intl). Images were obtained in predetermined views which best demonstrated the vessel 
segment of interest, and without overhf) of branches. Care was taken to maintain the 
same angulation during angiography of a segment throughout the procedure. Ionic 
contrast (KfD»76, Malltnckrodt Medical Inc) was used throughout the experiment. .Images 
were captured at a frame speed of 30 frames/sec, and stored digitally. A segment of 
contrast-filled guiding catheter was included in every frames for the purpose of 
calibratioa Calibration was performed usiqg the known diameter of the contrast-filled 
guiding catheter as the reference segment, to avoid error due to magnification. Coronary 
artery diameter measurements were made using a validated computerized edge-detection 
system (8). The midpoint of the injured s^ment was used fi>r calculation of coronary 
artery diameter. For each analysis^ coronary artery diameter measurements were 
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performed in 3 consecutive end-diastolic frames, and the results averaged. Measurements 
were performed by an independent observer blinded to the treatment group of the vessels. 



Immunobistocbemistiy 

The animab were euthanized at 4 weeks. Under general anaestheaa as described above, 
exsanguination was performed with replacement by 1 I of 0.9 % NaG sohitioa The heart was 
perfusion-fixed in vivo with 2 1 of 10 buffered formalin at 200 mm Hg pressure. The heart was 
then removed, and the coronary arteries were harvested immediately. From the Injured segment 
(identified in relation to side branchesX serial sections of 3*S mm were made; and stored in 10 % 
buffered formalin solution. The sections were then treated with incremental concentrations of 
alcohol, followed by ueatment with xylene and paraffin. Slices of 6 imi thickness were prepared, 
and stained with Verhoeffs stain for assessment of tissue response to injury. For each injured 
' segment, 2 slices demonstrating maximal neoimimal response were selected for 
immunoMstochemistry, and the results obtained from analysis of the cross sections were 
averaged. The % of reendothelialization and. the M of endothelial nitric oxide synthase (eNOS) 
expression were calculated as follows: (the total length of the hinunal sur&ce staining potitively / 
the perimeter of the himen) x 100. respectively. Analyds was performed by an independent 
examiner with no knowledge of the treatment groups to i^ch the sections belonged. For lectin 
immunohistochemistry. the 6 lun slices were first treated with hydrogen peroade and methanol 
to block endogenous peroxide; incubated vnA the DoNchas hiflants agghitinin (Sigma Oiemical 
Co.) followed by treatment with 3.3*-diaminoben:ddine (Vector Laboratories) and. subsequentiy 
counter-stained with hematoxylia For immunohistochemistry of cNOS facgnmot^ after blockii^ 
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of endogenous peroxide and non-specific antibodies, the slices were treated serially with the 
primary mouse anti^OS antibody (Bio/Can Scientific), the secondary goat anti-mouse antibody 
(Vector LaboratoriesX incubated with avidin-biotin (Vector LaboratoriesX treated with 3,3*. 
diaminobenzidine (Vector Laboratories) and finally counter-stalhed whh hematoxyUn. For both 
immunohistofdwniical examinations, normal porcine carotid aiteiy slices were used as positive 
controls: whereas slices obtained fi^om the injured coronary arteries and stained only with 
hematoxylm wen used as negative controls. 

Statistical anaiysls 

Vahies are expressed as mean ± SD. Comparison of basal coronary artery diameter 
amo^g the 3 groups was made using the one-way analysis of variance test. Con^arisons 
between basal coronary arteiy diameter and coronary artay diameter following infusion 
of vasoactive agenu were made with two-tailed Student's t-tests. The Knidcal-Wallis test 
was used for oomparispn of lecUn and tSOS expression among the 3 treatment groupa. 
Unear relationships between lectin expression and response to Acb, and between dfOS 
c3q)res8ion and response to Ach were analyzed with Pearson correlation coefficients. 
Vahies were considered to be statistically siguficant if p < O.OS. 

Results 

Tliere were oo significant differences in basal coronary artoy diameter (2.53 ± 0.6 mm 
for 17 - beta estradiol. 2.79 ± 0.3S mm fbr PTCA on^y. and 2.77 ± 0.44 mm for vehicle 
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groups respectivdy, p » 0.4) among the 3 treatment groups. The extent of morphologic 
tissue injury (9) among the groups was similar. No changes in heart rate» EC6, or blood 
pressure were not^ j'*^^'^^ during i ntracoronary infusion of 

vasoactive agents. 

Response ofPTCA only group to Ach 

Compared to the basal coronary artery diameter, there wm no significam changes in 
coronary artery diameter following intracoronary infusion of 10''' M, and 10^ M 
concentrations of Ach ffable). Ai a concentration of 10^ Mi a ngniftcam 
vasoconstrictive response was noted (p < 0.02). A marked vasoconstrictive response was 
observed at a concentration of lO'^M (p < 0.0001) figure 1). The vasoconstriction was 
completely reversed upon administration of the endothelium-independent vasodilator 
nitroglycerin. Coronary diameter increased from 1.8 ± 0;4g mm after lO^M Adi. to 2.S ± 
0.28 mm following nitroglycerin (p < 0.01; p » 0.2 for po8t*nitrog|ycerin vs basal 
diameter). 

Response of vehicle treatment group to Ach 

Compared to the basal coronary artery diametcTi 10*' M Ach did not cfaaqge coronary 
artery diameter m the vehicle treatment group (Table). A trend towards ^gnificant 
vasoconstriction was noted with 10^ M Ach (p » 0.06). Significant vasoconstrictkm was 
produced by lO^M (p < 0.02X and at lO^M (p < 0.001) Ach infusion respectively. 
CF^guTB 1). WBtroglycerin completely reversed the vasoconstfiction^ retimuBig the arteries 



m 
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to their basal diameter (from 1.89 ±0,51 mm after 10^ M Aclv to 2.69 1 0.52 mm 
following nitroglycerin [p < 0.004; p « 0.7 for post-nitroglycerin vs basal diameter]). 

Response of 17 - beta estradiol treated group to Ach 

^ In the vessels Ueated with local delivery of 17 - beta estradiol, no significant 

vasoconstrictive response to Ach occuned at any concentration used (Table) figure 1). 
A mild and statistically non»gnificant increase m coronary artery diameter was observed 
following administration of nitroglycerin: from 2.28 ± 0.61 nam after 10"* M Ach to 2.61 
± 0.4g mm after nitroglycerin (p » 0.4; p ^ 0.8 for post-nhroglyoerin va basal diameter). 

Immuoohistocbemistiy 

Immunohistochemical analyaea were performed 4 weeks after PICA on all 9 animals. 
^ Tliree arterial segmems were lost/damaged durii^ harvesting of the aamplea (2 of FTCA 

only group, and 1 of vehicle group). Significant differences were seen among the 3 
treatment groups in the extent of re-endothelialization, as ftiwfasfd by 
immunohistochemical analysis with the lectin Dolichos hijionts agglutinin (Figure 2). 
Re-endothelialization was noted to a greater extent m vessels treated with local delivery 
of 17 - beta estradiol, compared to the other 2 groups (90.6 ± S.S % fiir 17 - beU 
estradiol, 71 ± 6.8 % for PTCA only, and 72.8 ± 4.9 % for vehicle; p < 0.0005). 
Endothelial lutric oxide synthase expression was also higher in vessels treated with 17 - 
beta estradiol ps.6 ± 1 1.8 % for 17 - beU estradiol, 9.4 ± 3.9 % for PTCA only, and 9.2 
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± 4.0 V% for vctudep p < O.OOOS) (Figure 3). No significam difTerences ia 
immunohistochenucsJ analyses were observed between vessels treated with vehicle or 
^ — r ^ PTCA o nly, — ■ » • = — ' - - - • — 

We proceeded iiiither to analyze whether a linear relationship between 
^ reendothelialization and the response to Ach could be demonstrated A significant inven^e 

correlation was noted between reendothelialization as assessed by immunohistochemistiy 
with the lectin Dotiehos hiflonts agglutimn and the response to Ach (r • 0.48, p < 0.02) 
(Figure 4). An even stronger inverse linear correlation was observed between eNOS 
expression and the response to Ach (r » <0.S8, p < 0.005). 

DiscusstoB 

This study demonstrates for the first time that local deliveiy of 17 * beta estradiol 
^ immediately following FTCA enhances subsequent reendothelialization and endothelial 

function at the site of injury. Besides hs critical role m the regulation of vascular tone^ the 
normal endothelhim fimctions as an effective barrier between blood elements and 
underlying vascular smooth muscle cells. Endothelium-derived lutric oxide (NO) ia a 
potent vasodilator, inhibits inono^e adherence cjid platelet aggr^ation and adhesion 
(10). vascular smooth musde cell migration (11) and proliferation (12). 

PTCA 18 associated with arterial injury and damage to the endothelium (3). FoUowiqg 
arterial injury, varying rates of reendothelialization have been rqxmed. 
Reendothelialization rates of 81 M (13X and even lower rates of < SO Vm (14) following 
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arterial injuiy have been observed. In a study of specimens of restenotic lesions obtained 
by atherectomy in humans, no endothelial cells could be demonstrated (IS). In the 
present study, local treatment with 17 - beta estradiol was followed by nearly complete 
reendothelialization (90.6 ± S.S %). which was significantly greater than that observed in 
the groups not treated with 17 - beta estradiol. Estrogen receptors have been identified in 
human coronary artesy and umbilical vein endothelial cells (16X and when bound to 
estrogen are capable of regulating protein synthesis by ahering transcription rates (17), In 
cell culture assay of human umbilical vein endothelial cdls^ treatment with 17 - beta 
estradiol markedly increased both cell migration and proliferation (18). Therapy with 
subcutaneously implanted 17 * beu estradiol pellets significantly eidianced 
reendothelialization following arterial injury ((). The capadty of 17 - beta estradiol to 
increase vascular endothelial growth factor synthesis (19) and the effect of 17 - beta 
estradiol on basic fibroblast growth factor may be responsible for the enhanced 
reendothelializatioa Vascular endothelial growth factor treatment ia known to promote 
reendothelialization in vivo (20). In human umbilical vein and coronary artery endothelial 
cell culture experiments* treatment i^th 17 - beta estradiol enhanced the release and 
phosphorylation of basic fibroblast growth factor (21|22). It has been shown that 
administration of basic fibroblast growth factor in vivo stimulates reendothelialization 
followii^ arterial injury in rats (23). Another mechanism by which 17 - beta estraiBol 
could possibly influence extent of reendothelialization is by inhibition of apoptosia of 
injured endothelial cells: a SO % decrease in apoptoas was seen with 17 - beta estradiol 
treatment of human umbilical vdn endothelial cells exposed to tumor necrosis fidor-a 
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(24), It 18 noteworthy that increased expression of tumor necrosis factor<i is known to 
occur following balloon injury (2S). 



Impaired endothelial fimction. as in atherosclerosis (26) or following experimental 
inhibition of NO (27), has been associated with a paradoxical constrictive response to 

^ Ach. This paradoxical response to Ach could be modified by treatment with estrogen. In 

humans, 17 - beta estradiol, administered intravenously (28) or by continuous 
intracoronary infiision (29), attenuated the vasoconstrictive reqK>nso to Ach and also 
inhibited the Ach-mduced increase in coronaiy resistance and decrease in Gm>nary blood 
flow. The regulatory effect of 17 - beta estradiol on eNOS that we observed may be 
responsible for the beneficial efTects on endothelial function, as vascular response to Ach 
is closely related to eNOS expression (30^1). In support of thb notion, a stnmg inverae 
linear relationship was seen between the vascular response to Ach and cNOS cqvesston 
(Figure 4). The ability of estrogen to induce nitric oxide synthase was first identified 

^ during gestation in guinea pigs (32). Induction of eNOS function by 17 - beu estradiol 

has been subsequently demonstrated to be accompanied by increased cNOS protetn and 
niRNA expression (33^34). Increased drculatii^ NO levels have been observed in 
postmenopausal women treated with 17 - beU estradiol (35). Following arterial injury, 
the regenerated endothelium is often functionally abnormal (S). Abnormal vasomotion aa 
a resuk of persistent endothelial dysfimction at the site of angioplasty has been 
demonstrated in patients undergoing PTCA, and is postulated to be responsible for the 
symptom of angina noted in patients with nonsignificant stenosis fi)lIowis\g PTCA p6). 
We havo shown that functional abnormalities couU be improved ngnificantly by 
treatment with locally delivered 17 - beta estradiol A unifyir« hypothesis fhr the 
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responses we observed is that eNOS downregulation following PTCA prevents the 
vasodilatory response to Ach mediated by endothelial NO production. By improviog 
eNOS expressioi^ 17 - beta estradiol allows the vasodilatoiy response of Ach to 
counteract its direct vasoconstricting action, preventing Ach<4nduced vasoconstriction at 
the site of local injury. The vasodilatory response to nitroglycerin in Ach-constricted 
arteries post-PTCA is consistent with this concept, since exogenous nitroglycerin (which 
is a NO donor) amply provides a local NO-related dilation that the eNOS deficient 
angioplastied segment cannot provide for itselC 

Both rapid non-genomic and genomic effects have been postulated lo be involved in the 
influence of 17 - beu estradiol on coronary vascubture (37938). Although increased 
protein synthesis was not quantified in the present study, the enhanced eNOS e]q»ression 
and the response to Ach observed as late as 28 days fbllowiiig a single dose of 17 - beu 
estradiol appears to be consistent with a genomic effect This is the first study to suggest 
the existence of a genomic effect foDowipg local therapy with 17 - beta estradiol in 
coronary circulation in vivo. 

Gender differences in the endothelium-dq^endent vasodilation by 17 -* beta estradid have 
been noted (39). In our study, a majori^ of animals were males* and a significam 
beneficial effect of 17 -beta estradiol was noted ui all the ardnuds studied. irTeq)ective of 
sex. Thus, local delivery of 17 -beta estradiol appears to be effective in males as well as 
females. There is evidence to suggest that the simultaneous administration of 
progesterone reduces NO levels induced by 17 - beta estradiol (35). tUs issue waa, 
however, beyond tfie scope ctfthe present study. 
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We conclude that a single dose of 17 - beta estradiol delivered locally following baDoon 
injury can significantly improve reendotheliaGzation and enhance endothelial funcUon 
at the injured site as late as 1 month following injury. Besides the beneficial vascular 
effects of improved endothelial function, this observation may be of particular 
5 Importance following bafloon angioplasty as improved endothefial function is l<nown to 
be associated with decreased neointima formation in the injured area (20.40). This 
approach merits further study, with a view to potential clinical value in the prevention 
of vascular dysfunction and restenosis following PTCA. 

1 0 Although the present Invention has been described hereinabove by way of a preferred 
embodiment thereof, this embodiment can be modified at vtrW, within the scope of the 
appended claims, without departing from the spirit and nature of the subject invention. 
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Figure li Representative coronaiy an^ognms demonstraUog the vasoconstrictive 
response to intracoronary infusion of acetylcholine (Ach) 10"* H obtained fiom the same 
animal at 4 weeks following percutaneous transhiminal coronary anaplasty (PTCA). 
Column A - basal , cohimn B « after Acii. cohimn C - foOowiqg Intracoronafy 
niuoglycerin. Top panel - treatment with vehicle; mid panel - PTCA only, lower panel « 
1 7 - beta estradiol treatment groups respectively. 

Figure 2: Representative light micrographs (x 1000) of cross sections of vessds obtained 
from the same anunal, for immunohistochemical staining with the lectin DoBchos 
hiflorus agglutinin (evidem as dark brown staiiung of luminal surfioe). Vessels treated 
with 17 - beta estradiol (A) dennonstrate reendothelialization to a greater degree as 
compared to PTCA only (B) and vehicle (Q groups. 

Figure 3: Represenutive light micrographs (x 1000) of cross sections of vessels obtained 
from the same aiumal, for immunohistodiemical analyris of endothelial nitric oride 
synthase (cNOS) expression. Vessels treated vith 17 - beta estradiol (A) show greater 
expression of cNOS (evident as dark brown suiniqg of himinal sur&ce) as compared to 
PTCA only ^) and vehicle (Q groups. 

Figure 4: Graph depicting correlation between vasoconstrictive nsfotat to Ach VI* M 
and (A) reendothelialixation (r - -0.48, p < 0.02X W eNOS eqitcssion if - 4>JS% p < 
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0.005). Note: % vasoconstncUon denotes % decrease in diameter fonowing Ach 10"^ 
as compared to tlie basal diameter. 
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Table: Response to IntreooronatyAeetylcholiiw 

Diameter^iasal (mm) Diameter-po«t Ach (mm) p vahie 



Ach* 
-^TCA group 
lO-'M 
10"^ 



2.7910.35 2.65 ±0.35 

2.79 ±0.35 2.S4±0J2 



Vehicle group 
1&*M 



2.79 ±0.35 1.8 ±0.48 



2.77 ±0.44 2.6 ±0.41 



2.7710.44 2.24 ±0.47 

2.77± 0.44 1.89 ±0.51 



i7~heta*s0-adtol 
groiqf 

iot'm 

10*^ 
10^ 
10"^ 

* acetylcholine 



2.5310.6 2.4610.58 

2.53 ±0.6 2.38 ±0.58 

2.53 ±0.6 2.36 ±0.59 

2.53 ±0.6 2.28 ±0.61 



0.4 



0.1 

10^ 2.79±0J5 2.3 ±0.35 o.02 



0.0001 



0.4 



10*M 2.77 1 0.44 2.33 ±0.5 o.06 

10-»M 

10-^ 



0.02 
0.001 



0.8 
0.6 
0.6 
0.4 
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What Is claimed is: 

1 . The use of 1 7 - beta estradiol in the making of a nrxedical composition or device 
for preventing restenosis to be administered or installed in situ during angioplasty. 





FIGURE 2 




FIGURE 3 
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FIGURE 4 
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